Macrophages and dendritic cells play a central role in the immune system. Here, we identify CD44(+) vascular wall-resident multipotent stem cells (VW-MPSCs) as progenitors for macrophages and dendritic cell-like cells. Using human internal thoracic artery (hITA) tissue specimens we performed ex vivo sprouting assays followed by immunohistochemistry. hITA rings and hITA wall-derived cells were treated with GM-CSF+IL-4. The cells were then characterized by immunostaining and flow cytometry for CD31, CD34, CD44, CD45, CD68 and CD80. While neither CD68(+) nor CD80(+) cells were found in freshly isolated hITA sections, they were present after sprouting assay. Double immunofluorescence analysis after sprouting assay revealed the presence of both CD45(+)CD68(+) and CD44(+)CD68(+) macrophages as well as CD44(+)CD80(+) dendritic cell-like cells within the adventitia and among the sprouting cells. Cultivation of total hITA wall-derived cells for 7-10 days resulted in enhanced accumulation of CD44(+) cells while CD34 and CD45 cells were not detectable regardless of the media used such as ECGM, RPMI or IMDM, respectively. Remarkably, a similar immunophenotype was maintained when the cells were cultured up to eight weeks. Only cultivation of the total hITA wall-derived cells in a high confluent state resulted in the in vitro generation of CD68(+) macrophages and CD80(+) dendritic cell-like cells as detected by FACS. The stimulation of total hITA wall-derived cells with GM-CSF+IL-4 did not change the number of CD68(+) and CD80(+) cells significantly. Taken together, our results show the differentiation of CD44(+) VW-MPSCs into CD44(+)CD68(+) macrophages and CD44(+)CD80(+) dendritic cell-like phenotypes. Thus, vascular adventitia might serve as a local source for the generation of antigen-presenting cells.
and progenitor cells were identified and the mechanisms regulating their differentiation into mature cells were partially characterized [1] . The wall of adult veins and arteries, basically the adventitial layer and the sub-endothelial zone have been identified to harbor stem cells [2, 3] . Vascular adventitial cells were reported to contribute to vascular stenosis [4] . Within the vascular adventitia progenitor and stem cells have been shown to be predominently localized within the so-called "vasculogenic zone" which has been described as a circular zone close to the smooth muscle layer of the human adult vascular wall [5] . This niche was confirmed by further very recent studies [6] [7] [8] [9] showing the presence of progenitors for endothelial and hematopoietic cells, smooth muscle cells and pericytes as well as inflammatory cells [9] [10] [11] [12] in this zone. The two major cell populations residing within the adventitial vasculogenic zone are CD34(+) and CD44(+) cells. Until now, CD34(+) cells were characterized to differentiate into endothelial cells [5] and pericytes [13] and CD44(+) cells were shown to differentiate into smooth muscle cells and pericytes [7, 10] . Furthermore, Sca1(+) cells differentiating into smooth muscle cells [9] and c-kit(+) cells were also found in vascular adventitia [9, 14] . CD44 is a cell-surface glycoprotein that functions as a receptor for hyaluronic acid (HA) and interacts with other ligands such as osteopontin, collagens, and matrix metalloproteinases (MMPs). Thereby it plays an essential role in cell adhesion and migration and it is highly expressed on mesenchymal stem cells (MSCs). Moreover, CD44 is upregulated on effector T cells, facilitates their extravasation from the blood and their mobilization at sites of infection and inflammation [15] . CD44 is also expressed by different cancer cells and it enhances tumor aggressiveness and metastasis [16] . However, the CD44(+) stem cell type identified in the adventitia of human internal thoracic artery (hITA) was characterized by the
Introduction
Identification and characterization of endogenous sources of stem and progenitor cells is of essential relevance for regenerative medicine. Enormous progress in this field was made in the past 15 years. Several tissue niches containing different types of adult stem Remarkably, macrophages, a specific mature cell type of the innate immune system, was found to be generated from adventitial progenitors [5] , which still have not been exactly identified yet. While it was widely believed that tissue macrophages are derived from circulating monocytes, data obtained from mouse models with experimental bone marrow (BM) depletion or chimeras as well as using genetic approaches showed undoubtedly that mature macrophages can be generated from progenitors resident in the vascular adventitia independently from BM [5, 12, 18, 19] . More recently, yolk-sac-derived erythro-myeloid progenitors rather than BM-derived cells were identified to deliver tissue-resident macrophages [20] . These findings together strongly indicate that only a small fraction of tissue-resident macrophages is of BM origin. The majority of them is likely dependent on local stem and/or progenitor cells, e.g. vascular adventitia-resident stem cells. Until now, it is unclear which vascular stem and/or progenitor cell type(s) might give rise to vascular adventitia-derived antigen-presenting cells.
We suspected that the CD44(+) VW-MPSCs might be a candidate for generating vascular wall-derived macrophages and for other antigen-presenting cells like dendritic cells. Our current data show that while neither CD68(+) nor CD80(+) cells were found in the adventitia of freshly isolated hITA, they were generated in a high number after performing sprouting assay. Interestingly, both CD45(+)CD68(+) and CD44(+)CD68(+) cells could be generated from the hITA adventitia after sprouting assay. The majority of CD80(+) dendritic cell-like cells generated from the hITA adventitia after sprouting assay was double positive for CD44(+)CD80(+). Such cells were found within the activated adventitia as well as within the collagen gel outside the hITA rings. Conformingly, hITA wall cells extracted after dispersion and cultured for 7-10 days differentiated into CD68(+) and CD80(+) cells when they were cultured in a highly confluent status. A considerable part of these cells was also positive for CD44. Stimulation of hITA-rings and hITA wall-derived cells with GM-CSF+IL-4 showed no significant effect on the generation of CD44(+)CD68(+) macrophages and CD44(+)CD80(+) dendritic cell-like cells. Our results suggest that CD44(+)VW-MPSCs serve as a source for both adult vessel wall-derived macrophages and dendritic cell-like cells.
Materials and Methods

Reagents and antibodies
Mouse anti-human CD45 (clone MEM-28, final dilution 1:50) was purchased from Immuno Tools (Germany) and CD80 (clone EP1155Y, final dilution1:100) from Abcam. CD31 (cloneJC70A, final dilution 1:25), CD34 (Clone QBEnd-10, final dilution 1:50) and CD68 (clone KP1, final dilution 1:50) antibodies were purchased from Dako Denmark A/S (Hamburg, Germany), CD90 antibody (clone Thy-1, 0.5 μg per test in FACS) was provided by eBioscience (CA, USA) and the rat anti-human/mouse CD44 antibody (clone A020, final dilution 1:100) was purchased from Merck Chemicals Ltd. (United Kingdom). Human rGM-CSF and human rIL-4 were obtained from Immuno Tools (Germany). Endothelial cell growth medium MV (ready-to-use) and endothelial basal medium were purchased from Promocell (Heidelberg, Germany), monocyte-dendritic cell differentiation medium (readyto-use) and MACS system were provided by Miltenyi Biotec GmBH (Bergisch Gladbach, Germany). RPMI, PBS, penicillin, streptomycin, fetal calf serum and DMEM (10x) were purchased from Gibco BRL (Karlsruhe, Germany). Paraformaldehyde was obtained from Sigma (Taufkirchen Germany). Purecol for hITA ring assay was obtained from Biomatrix (CA, USA). All peroxidase-and fluorescently-labelled secondary antibodies were provided by Dako Cytomation Denmark A/S (Denmark) and Dianova (Hamburg, Germany).
Tissue material
Human internal thoracic artery (hITA) samples were obtained during surgery (sparse material) according to local ethical and biohazard regulations and provided from the Clinics of Thoracic and Cardiovascular Surgery, University Hospital Essen for our institute. All experiments were approved by the local ethics committee. Written informed consent (Nr.10-4363) was obtained from the Ethikkommission of the University Medical Faculty, Essen, Germany.
Dispersion cell culture from hITA
The hITA samples were excised under a dissection microscope to remove fat and muscle tissue surrounding the hITA wall. After several washes in PBS, vessels were mechanically minced and enzymatically dissociated into a single cell suspension with 0.2% type II-collagenase (Worthington, Lakewood, USA) and 5 U/ml elastase (Sigma) at 37ÅãC for 30 minutes. After two washes in PBS containing 5% fetal calf serum (FCS), cellular suspensions were passed through 70 μm pore size filters. After centrifugation at 1000 rpm for 10 min, cells were cultured in endothelial cell growth medium MV (ECGM MV) supplemented with 5% FCS, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C supplied with 5% CO 2 . Medium was changed after 24 h of initial plating and then every second day.
Purification of CD44 (+) cells via MACS technology
The MACS system (Miltenyi Biotec) was used according to the manufacturer's instructions and as already described [21] . Briefly, a single cell suspension of hITA cells was prepared as described above. The cell number was determined. After centrifugation at 300 g for 10 min, cells were washed and resuspended in binding buffer containing phosphate-buffered saline (PBS) (pH 7.2), 0.5% BSA, and 2 mM ethylene diamine tetraacetic acid (EDTA) and incubated with mouse anti-human CD44 immunoglobulin G microbeads at 4°C for 15-20 min. The cell suspension was loaded onto a MACS column and placed into a magnetic field. The column was rinsed with buffer and negative cells passed through. Labeled CD44 positive cells were eluted after removing the column from the magnet. To increase purity, the CD44 positive fraction was reloaded onto a new column. The column was rinsed with buffer; the positive fraction was eluted as described above.
Ex vivo ring assay using hITA
The arterial ring or sprouting assay is an ex vivo model used basically to study angiogenesis. In this model the small organ-in our case hITA-specimens will be cultured within matrigel or collagen gel as also used in our studies. The benefit of this assay is that the intact vascular wall is cultured and thus the vascular wall cells can be studied within their own in situ microenvironment. It allows the analysis of mobilization, migration and proliferation of vascular wall cells including VW-derived stem cells as well as their morphogenesis within the collagen and differentiation into different cell types. After finishing the assay it allows to prepare and use sections from the arterial rings or tissue pieces for immunohistochemistry in order to characterize the immunophenotypic differentiation of the VW-SCs. Furthermore, the effect of selective cytokines and growth factors on VW-SC differentiation can be studied by adding them directly to the rings as we did for GMCF and IL-4 [22] .
Fresh hITA specimens were dissected and transferred directly into sterile PBS on ice. Then, fatty tissue surrounding the vessel wall from the outside was removed carefully under a dissection microscope with fine forceps and scissors with paying special attention not to damage the vascular wall, particularly the vascular adventitia. The cleaned hITAs were cut into 1 mm thick rings using a surgical scalpel. Meanwhile, the collagen gel was prepared by mixing sodium hydroxide (PH 7.4-7.5), glutamine, sodium bicarbonate, sodium pyruvate, vitrogen-gel (Purecol), MEM (10X), antibiotics (penicillin/streptomycin) and sterile water. All these materials were kept on ice during the preparation of the collagen gel. A first layer of collagen gel (150 µl) was plated per well, using 48-well cluser tissue culture plates, and incubated at 37°C in a humidified atmosphere with 5% CO 2 for 30 min. Afterwards the rings were placed into the first layer of collagen gel and reincubated in a 37°C, 5% CO 2 humidified incubator for 10 min. After addition of the second layer of collagen gel (150 µl), the rings were reincubated for one hour, before they were seeded with 300 mL EPCs media containing only 5% FCS. Embedded rings were incubated at 37°C, 5% CO 2 . The medium was changed every third day. Rings were evaluated every day using a phase contrast microscope (Zeiss, Jena, Germany) equipped with a digital camera (Zeiss, Jena Germany). After nine days in culture, rings were fixed in 4% paraformaldehyde (PFA), dehydrated and embedded in paraffin wax for immunohistochemistry or immunofluorescence.
Immunohistochemistry and immunofluorescence
Immunohistochemical staining for CD31, CD34, CD44, CD45, CD68 and CD80 (final dilutions mentioned above) was performed on paraffin sections obtained from five different freshly isolated hITA samples and five independent hITA ring assay cultures. Paraffin embedded tissue sections were hydrated using a descending alcohol series, incubated for 10-20 min in target retrieval solution (Dako) and then treated with blocking solution. After permeabilization, sections were incubated with primary antibodies at 4°C overnight. Antigen was detected by exposing the sections to the corresponding biotinylated secondary antibody at appropriate dilutions (1:250) followed by development of DAB staining (Dako). Specimens were analyzed by phase contrast microscopy. For immunofluorescence double staining on paraffin sections, secondary antibodies corresponding to the host of the primary antibodies were used at 1:400 dilution. DAPI was used to visualize the nuclei.
Immunocytochemistry
Cells were placed on chamber slides (BD Bioscience) prior to fixation with 4% PFA, washed in PBS for 10 min and incubated with blocking solution (2% NGS/PBS) for 30 min. After permeabilization cells were incubated with mouse anti-CD31, -CD34, -CD45, -CD90, -CD68 or rat anti-CD44, respectively at 4°C overnight. Subsequently, fluorescently-labelled secondary antibodies were added. Specimens were analyzed by confocal microscopy.
Culture of hITA rings for sprouting assay with and without stimulation by GM-SCF +IL-4
The hITA rings were cultured in endothelial basal medium with and without adding GM-CSF (50 ng/mL) + IL-4 (1000 IU/mL) at 37°C and 5% CO 2 . The media was changed every third day and the culture of hITA rings was stopped after nine days. Controls were performed without addition of cytokines. After stopping the sprouting on culture day nine, the rings were fixed in 4% PFA, dehydrated and embedded in paraffin wax for immunohistochemistry and immunofluorescence analysis.
Treatment of hITA wall-derived cells with GM-SCF +IL-4 in vitro
After dispersion of hITA pieces cells were isolated and cultured either in endothelial growth medium as it was used in hITA sprouting assays above or in RPMI-1640 media. After reaching a sufficient cell number to perform FACS analysis usually after 7-10 days in culture, the cells were cultured in monocyte-dendritic cell differentiation medium (Miltenyi BiotecInc, USA) and in RPMI-1640 media without cytokines as a negative control for 10 days. The medium was replaced every second day. The cells were characterized by FACS before and after stimulation.
Flow cytometry
For FACS analysis cells were detached from the plates by incubation at 37°C with 0.05% EDTA-Trypsin, washed and fixed (4% PFA) on ice for 30 min, then washed and re-suspended in 100 μl of FACS buffer (PBS with 3% FCS) containing diluted primary antibodies or corresponding isotype controls on ice for one hour. The cells were then washed three times with FACS buffer and incubated for 30 min with 100 µl of secondary fluorescein isothiocynate (FITC) conjugated antibody diluted 1:50 in FACS buffer. Afterwards, cells were washed and re-suspended in 200 µl of PBS containing 200 µg/mL propidium iodide to exclude the apoptotic cells. For the detection of intracellular antigens the cells were fixed and permeabilized using BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD biosciences, USA) for 20 min on ice as instructed by the manufacturer. After washing twice with 1×BD Perm/Wash™ buffer, cells were blocked on ice for 30 min with normal serum to avoid non-specific staining. Finally, stained cells were measured with a FACS Calibur instrument (Becton Dickinson, USA) and data were analyzed by using Cell Quest software (Becton Dickinson, USA).
Results
Histological evaluation of freshly isolated adult hITA prior to ring assay First, we evaluated the presence of macrophages and dendritic cells within the freshly prepared hITA wall. Immunohistochemistry for CD68 as macrophage marker and for CD80 as a maker for dendritic cells resulted in completely negative staining. Only occasionally one to two single cells marked for CD68 were found ( Figure 1, first column) . Mature endothelial cells lining the hITA lumen were marked by immunostaining for CD31. To visualize the adventitial vasculogenic zone we performed immunostaining for CD34 and CD44. Finally, hITA sections were also stained for CD45 as a marker for pan-hematopoietic cells. As a control, hITA sections were exposed to corresponding IgG isotype only (not shown). Confirming our previously published data [5, 17] immunostaining showed CD31 expression only in the endothelial layer (tunica intima) and CD34(+) cells were identified in both, tunica intima and adventitia with a particular accumulation at the border between the media and adventitia, within the so called "vasculogenic zone" ( Figure  1 , first column). To a lesser extent, also CD44(+) and single CD45(+) cells were detected within the adventitia (Figure 1 , first column).
Generation of macrophages and dendritic cell-like cells using hITA sprouting assay
To determine which one of the aforementioned cell types has the capacity to differentiate into antigen-presenting immune cells like macrophages and dendritic cells we performed arterial sprouting assay. We used collagen type I gel as a matrix in which small pieces of hITA rings of 1 mm thickness were embedded and cultured up to nine days. Then, the rings and the collagen gel were removed, embedded in paraffin and used for production of tissue sections. Immunostaining on such sections revealed a high number of CD68(+) cells and a considerable number of CD80(+) cells (Figure 1 , second column) while no staining for these markers was detectable in hITA sections prior to the sprouting assay ( Figure 1, first column) . No significant change of the CD31 staining intensity was observed, but there were many intimal gaps lacking CD31 immunostaining indicating endothelial cell detachment from the intima due to their activation during the sprouting assay (Figure 1, second column) . In comparison to freshly isolated hITA the number of CD34(+) cells within the hITA adventitia was reduced after sprouting assay. Particularly in the outer adventitial zone (Figure 1 , second column) either only few CD34(+) cells were present or they disappeared completely ( Figure  1, second column) . This is probably due to both a) their migration into the collagen gel and b) down-regulation of CD34 after leaving the adventitial niche. In contrast, a remarkable increase of CD44(+) cells within the hITA adventitia was reproducibly detected after applying the sprouting assay (Figure 1, second column) . These findings are in line with the previously published findings [17] . Furthermore, a little but not significant increase of CD45(+) cells in the hITA adventitia was also observed (Figure 1, second column) as it was reported previously [5] . Interestingly, besides a high number of CD68(+) cells also a considerable number of CD80(+) cells was seen while no staining for these markers was detectable in hITA sections prior to the ring assay (Figure 1, second column) .
Influence of GM-CSF+IL-4 on hITA wall-derived macrophages and dendritic cell-like cells
Next, we wanted to test whether the number of CD68(+) Sections from all hITA groups (first column: fresh isolated hITA, second column: unstimulated hITA ring assay, third column: stimulated hITA ring assay with GM-CSF+IL-4) were stained with DAB (3,3′-Diaminobenzidine) for indicated markers as described in Materials and Methods. Lu: lumen, TM: tunica media, Ad: adventitia, CG: collagen gel. Original magnifications, ×20.
macrophages and CD80(+) dendritic cell-like cells can be increased via treatment of the hITA rings with GM-CSF+IL-4. It has been reported that stimulation of blood monocytes with GM-CSF or GM-CSF+IL-4 in vitro leads to their differentiation into macrophages and dendritic cells, respectively [23, 24] .
To this end, the hITA rings were divided into two groups and cultured in the presence or absence of GM-CSF+IL-4 as described in Material and Methods. Surprisingly, immunohistochemical analysis on hITA ring sections after nine days in culture demonstrated a decrease in the number of CD68(+) cells within the adventitia of hITA rings stimulated with GM-CSF+IL-4 ( Figure 1 , third column) in comparison to unstimulated sprouting assays. The effect of GM-CSF+IL-4 stimulation on CD80(+) cells was more prominent as these cells either disappeared completely or were present only as few single cells (Figure 1, third column) . The number of CD44(+) cells was decreased in the intima and media with no considerable change of their number in the adventitia (Figure 1, third column) . No significant change was detected in staining pattern and intensity of CD31, CD34 and CD45 (Figure 1 , third column) in comparison with untreated hITA sprouting assays (Figure 1, second column) .
CD44(+)CD68(+) and CD45(+)CD68(+) hITA-derived cells after sprouting assay
Recently, the multipotent CD44(+)hITA wall-resident cells named as VW-MPSCs were shown to differentiate into smooth muscle cells and pericytes after in vitro expansion [10, 17] . In line with these findings our data presented above showed a strong expansion of CD44(+) cells after sprouting assay. Thus, we hypothesized that CD44(+) VWMPSCs can be one of the potential local progenitors giving rise to the generation of CD68(+) macrophages and CD80(+) dendritic celllike cells from the hITA wall. Double immunofluorescence analyses performed on paraffin sections of hITA sprouting assays revealed a clear co-localization of CD68 and CD45 staining (Figure 2, first  column) . In-depth analyses showed that CD45(+)CD68(+) cells are also present in the adventitial vasa vasorum and within the collagen gel ( Figure 2 , first column). Similar expression patterns were found for CD68(+)CD44(+) cells (Figure 2, second column) . Remarkably, cells exhibiting CD80 staining were found to be also positive for CD44 after hITA sprouting assay (Figure 2 , third column). Both CD44(+) CD68(+) and CD44(+)CD80(+) cells have been mostly identified within the adventitia and the wall of vasa vasorum as well as within the collagen gel outside the rings (Figure 2) . Moreover, the cells expressing the co-stimulatory molecule CD80 were found to be more roundly shaped and to be of bigger size than CD68(+) cells which were smaller and exhibited a spindle shape (not shown).
Long term cultivation of total hITA-derived cells and sorted CD44(+) MSC-like VW-MPSCs
Based on the in situ findings above we wanted to further characterize the immunophenotype of total hITA wall-derived cells as well as of MACS-sorted CD44(+) cells in vitro. To this end, we cultured both sorted CD44(+) and total hITA wall-derived cells for 10 days and in longterm cultivation for up to eight weeks (data not shown). FACS analysis revealed that the major part of the total hITA wall-derived cells and as expected also the sorted CD44(+) cells maintained the expression of mesenchymal stem cell markers such as CD44, CD73 (not shown) and CD90 but they remained negative for CD80 ( Figure 3A) . Furthermore, they were weakly positive for the hematopoietic cell marker CD45 and for CD68 but almost completely negative for CD34 ( Figure 3A) . These findings were confirmed by immunostaining on hITA wall-derived cells which were fixed on glass slides by cytospin preparation showing CD44(+) and CD90(+) cells but no staining for CD34 (not shown), CD68 (not shown) and CD45 ( Figure 3B ). The presented data indicate that hITA wall-derived cells could keep mesenchymal characteristics even after culturing them for long-term periods, e.g. over eight weeks.
Differentiation of hITA wall-derived cells into macrophages and dendritic cell-like cells in vitro under high-confluent culture conditions
As shown above, the application of GM-CSF and IL-4 to hITA sprouting assays had no impact on the generating of CD68(+) macrophages and CD80(+) dendritic cell-like cells. To prove this finding at the cellular level hITA wall-derived VW-MPSCs were sorted in CD44(+) and CD44(-) fractions using MACS technology as described in Material and Methods. Both cell populations were cultured with or without GM-CSF+IL-4. Cells were characterized via FACS before and after each stimulation experiment. Confirming our results from the hITA ring assay analyses the stimulation of neither total nor sorted CD44(+) hITA wall-derived cells with GM-CSF+IL-4 resulted in a significant change of the expression of the analyzed cell surface markers such as CD44, CD45, and CD80 except a weak increase in CD68 expression (Figure 4 , first and second column). Next, we hypothesized that paracrine effects created by cell-cellinteractions during hITA sprouting assays might be the driving force for the generation of macrophages and dendritic cell-like cells from the hITA wall. To test this, we cultured the total hITA wall-derived cells in endothelial cell growth medium (ECGM) and RPMI at a high confluency. Surprisingly, FACS analysis revealed a significantly increased number of cells expressing CD68 and CD80 even in the absence of GM-CSF+IL-4 in both ECGM and RPMI ( 
Discussion
Here, we show for the first time that MSC-like VW-MPSCs from the vasculogenic zone of the vascular adventitia give rise to tissue-resident CD68(+) macrophages and CD80(+) dendritic celllike cells. Several studies performed during the last decade already demonstrated that the adventitia of postnatal murine and rat aorta as well as adult hITA contains tissue macrophage precursor cells. In particular, a significant increase in the number of CD68(+) cells within the hITA wall has been identified after sprouting assay using the hITA rings embedded in collagen gel [5] . Accumulation of macrophages after rat femoral artery ligation and depletion of BM cells with cyclophosphamide treatment has been observed within the adventitia of collateral artery walls grown after arterial occlusion in vivo [5] . Along these lines, it has been shown that tissue-resident macrophages rather than circulating and BM-derived macrophages contribute to collateral vessel growth after ligation of the femoral artery [18] . Another study confirmed extensive periaortic outgrowth of CD45(+) CD68(+) mononuclear cells with ultrastructural features of macrophages and dendritic cells after treatment of rat aortic cultures with M-CSF [24] . This is in line with the data demonstrating that murine adventitial Sca-1(+) CD45(+) precursors are a source for tissue macrophages [12, 19] . Recently, it has been shown that follicular dendritic cells can be generated from PDGFRβ + perivascular precursors using a mouse model with PDGFRβ-Cre-driven reporter gene recombination [25] .
However, macrophages are a heterogeneous cell population. Moreover, they acquire different phenotypes depending on the microenvironment that surrounds them. Furthermore, most of these studies could only identify the general macrophage markers, e.g. CD68, which to some extent is also expressed by several nonhematopoietic cell types [26] . The major part of the published work was dealing with hematopoietic progenitor cells differentiating into macrophages. Up to date little is known about vascular adventitial cell types differentiating into macrophages, but recently published data undoubtedly identified Sca-1(+)CD45(+) cells as progenitors for vascular adventitia-derived macrophages, which remained present in the aortic adventitia even when circulating monocytes were depleted by liposomal clodronate treatment [12] . In contrast, almost nothing is known about whether there are further adventitial stem cell types with the capacity to deliver macrophages and serve as dendritic cell progenitors. To our knowledge our data are the first showing that CD44(+) MSC-like VW-MPSCs give rise to both macrophages and dendritic cell-like cells using the hITA model. We recently showed that CD44(+) MSC-like cells from the adventitial vasculogenic zone of hITA are multipotent having the capacity to differentiate into different mature cell types such as adipocytes, chondrocytes, smooth muscle cells and pericytes [7] . FACS analysis of cultured total hITA cells at 10 days in culture shows that the cells are positive for mesenchymal stem cells markers CD44 and CD90 with a week expression of pan-hematopoetic marker CD45, and no expression of macrophages marker CD68 and dendritic cells marker CD80 (A). The expression of mesenchymal stem cells markers CD44 and CD90 is still dominant, whereas no expression of CD45 was detectable in hITA cells at 4 weeks in culture in FACS and in immunocytochemistry (B).
• The present data together with our recently published findings that identified the vascular adventitial CD44(+) cells as multipotent MSC-like cells [7, 10] let us postulate that CD44(+) VW-MPSCs might also serve as progenitors for generating antigen-presenting cells such as macrophages and dendritic cells from the vessel wall.
To check this hypothesis, we cultured adult hITA rings in the presence or absence of GM-CSF+IL-4. We found that different culture conditions such as endothelial cell growth medium (ECGM MV) plus FCS vs. ECGM without FCS + GM-CSF+IL-4 did not affect the generation and distribution of CD68(+) and CD80(+) in hITA rings. Double immunofluorescence analyses revealed the presence of two immunophenotyptic subsets: CD44(+)CD68(+), CD45(+)CD68(+) and CD44(+)CD80(+) cells within the adventitia of unstimulated hITA wall. Such cell immunophenotypes were also found within the collagen gel after hITA sprouting assay. There are several explanations for the observed phenomenon. First, one could speculate that unpredictable factors present in our ECGM MV culture media may trigger and enhance the differentiation of CD44(+) MSClike VW-MPSCs into CD68(+) macrophages and CD80(+) dendritic cells. Another explanation could be that vascular adventitia-derived CD44(+) cells need cell-cell interaction with other types of VWSCs in order to switch to an inflammatory phenotype, e.g. Sca-1(+) CD45(+) adventitial cells.
In line with our findings, follicular dendritic cells could be generated from the PDGFRβ + perivascular progenitors [25] suggesting that these local progenitors might be involved in the de novo generation of organized lymphoid tissue. We cannot exclude that part of CD45(+)CD68(+) macrophages changes their phenotype into CD44(+)CD68(+) cells by local secretion of different cytokines and growth factors from CD44(+) MSC-like VW-MPSCs, e.g. via paracrine mechanisms or direct cell-cell-interaction within the adventitial stem cell niche. Moreover, double immunofluorescence analysis on sections after aortic sprouting assay revealed the presence of both CD44(+)CD68(+) and CD45(+)CD68(+) cells not only within the vessel wall but also in collagen gel, suggesting that these cells may support the aortic sprouting activity and play a role in angiogenesis.
Opposite to immunostaining studies on native hITA tissue sections and sections of hITA ring assay, CD31(+), CD34(+) and CD45(+) cells were not detectable in FACS and immunofluorescence analysis of cells isolated from dispersed hITA pieces and cultured for different time periods, even when we used different kinds of media including ECGM, RPMI or IMDM. In contrast, the CD44(+) MSClike VW-MPSC population was always predominant in total hITA cell cultures at all studied time points. This is in line with already published data showing that cells isolated from human saphenous vein and human thoracic aortae expressed MSC markers to a great majority upon culturing [11, 13] . Performing FACS analysis on hITA cells after their extraction from hITA pieces was not successful to detect cells expressing hematopoietic markers probably due to the lesser number of adventitial progenitor cells expressing these markers. Alternatively, some of these markers might be down regulated because the progenitors have left the adventitial stem cell niche. This observation in turn may highlight the importance of the vascular niche for the functional activity and communication between the cells. Dispersed cells of the vascular wall without this microenvironment and communication may enter two ways: either they differentiate very fast into other cell types or completely lose some of their surface markers for yet unknown reasons. This is very different from the hITA ring sprouting model where the cells are not exposed to an enzymatic digestion and stay in their niche as well as in sprouting cell cords within the collagen matrix in close contact to each other. To mimic this in situ situation we cultured hITA-wall derived cells in a high vs. low confluency with and without stimulation with IL-4+GM-CSF. Confirming the importance of the cell-cell interaction within the vascular niche the generation of CD68(+) and CD80(+) cells from hITA wall-derived cells was only achieved when they were cultured at a high density. These data particularly underline our interpretation that cell-cell contact between activated VW-SCs and probably factors released following such cell-cell contacts may trigger and direct the differentiation of VW-SC subtypes as already described for BM-MSCs [27, 28] .
Our findings are of clinical relevance for two reasons: 1) Increasing evidence in the literature already demonstrated that MSCs have not only potent regenerative but also immunomodulatory properties [29] [30] [31] .
2) The cell surface marker CD44 functions as hyaluronan receptor and hyaluronan fragments were shown to be increasingly released in inflammatory processes, e.g. after a myocardial infarction. Hyaluronan fragments in turn were reported to act as potent activators of inflammation and their clearance by CD44(+) MSC-like cells was reported to essentially influence the intensity and duration of the inflammatory reaction [32] . In line with these data, absence of CD44 was shown to enhance inflammatory activity [33] [34] [35] [36] . Independent from these basic properties of CD44(+) MSCs, their capacity to differentiate into multiple cellular lineages and their trophic effects on other progenitor cells has initiated interest in the use of these cells for regenerative therapy [33] [34] [35] [36] . Furthermore, MSCs were shown to shift macrophages from the inflammatory M1 into the anti-inflammatory M2 phenotype [35, 37, 38] and locally administered MSC could turn the attracted macrophages into a regulatory phenotype [39, 40] . More recently, it was shown that MSCs derived from placenta or BM, play an important role in angiogenesis, promote differentiation of human monocytes into macrophages and influence macrophage function [35, 37, 41, 42] . Stagg et al. showed that BM-MSCs acquire antigen-presenting function upon stimulation with interferon-gamma (IFNγ) and thus become able to activate antigen-specific immune responses and express CD80 under syngenic conditions [43] . Furthermore, mouse BM-MSCs expressing CD80 could inhibit the activation of T cells by their cognate peptides in vitro and have thus been suggested for use in BM transplantation in order to control host-versus-graft (HvG) and GVHD reaction [44] . Our data suggest that such immunomodulatory effects can also be attributed to vascular adventitia-derived CD44(+) multipotent cells with MSC properties. Since these cells are omnipresent in the adventitia of blood vessels, including the organs' own vessels, they might play a critical role in organ transplantation, e.g. of kidney and liver including living liver transplantation. Taking together, we postulate that CD44(+) VW-MSCs may also play a role in local immune modulation and be involved in the regulation of macrophage function. However, further functional analysis and studies of these cells are needed before a possible clinical application can be achieved.
Conclusion
In conclusion, the data presented here demonstrate that human VW-SCs derived from the hITA wall have the capacity to differentiate into CD80(+) dendritic cell-like cells which is depending on a specific local microenvironment created by a tight cell-cell interaction between different VW-SC subtypes and factors released by these cells. We further demonstrate that the MSC-like VW-MPSC marker CD44 is also stably expressed on long-term cultured VW-SCs isolated from the vasculogenic zone of human vascular adventitia. A part of these stem cells gives rise to both CD44(+)CD68(+) macrophagelike inflammatory and CD44(+)CD80(+) dendritic cell-like cells. In summary, these data show the generation of antigen-presenting cell-like cells outside the BM, namely from the vascular adventitiaresident VW-SCs. This knowledge is of clinical and physiological relevance for a better understanding of local immune modulatory processes in health and disease.
